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Abstract. The coating on the 22MnB5 steel is intended to protect it against oxidation during the
forming process. This steel is hot-pressed. A preheating before the pressing and subsequent hardening
in the tool affects the properties of the AlSi coating. This study summarizes the results of investigating
the effect of heat treatment parameters on the formation of intermetallics in the AlSi coating. The
chemical analysis of the coating was performed by the EDX and EBSD method and the mechanical
properties were determined by the Hysitron TI 950 TriboIndenter™ system. The result of this study is
that, due to a diffusion during the heat treatment, the brittle coating was transformed into a tougher
phase.
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1. Introduction
Nowadays, high-strength martensitic hot-formed steels
are used for the body stiffening. Their use for body-
work (especially for safety components) is on the rise
worldwide. For example, in the Octavia III model, the
proportion of high-strength hot-formed steels in 2012
was 26.1%. Today, there is no car manufacturer, who
does not use the sheet metal with a surface treatment
when making a bodywork. The primary function of
the coatings is to prevent corrosion and thus increase
the service life of the bodywork. Furthermore, it im-
proves the surface morphology for a better adhesion
of the lubricant required for the forming operations.
An AlSi-based coating on 22MnB5 steel is designed
to protect it against oxidation during the forming
process. A preheating of the steel before the press-
ing and subsequent hardening in the tool affects the
properties of the AlSi coating. Typically, the Al-Si
coating has a nominal thickness of 30-50µm. The
basic composition is 90% Al + 10% Si with Si en-
riched locally. The interlayer at the interface with the
steel substrate formed by the heat treatment (forming
process) has a thickness of 5 to 10µm, according to
the manufacturer. Its basic constituents are FeAl and
Fe2Al5 phases. While the Al-Si coating has a melting
point of 650-700 °C, FeAl and Fe2Al5 have a higher
melting point of about 1150-1350 °C. [1–3]
In the delivered state, the Al-Si coating on the
ferritic-pearlitic steel is comprised of a compact Al
layer with Si precipitates. Upon raising the tem-
perature to an austenitizing temperature during the
forming process, Fe begins to diffuse into the Al-Si
layer. A tertiary Al-Si-Fe alloy is formed, which gives
the coating characteristics. In his work, Grauer et al.
[4] accentuates that, at the aluminium melting tem-
peratures (660 °C), the iron diffusion always occurs
in the AlSi coating, although the coating is heated
very slowly. Windmann [5, 6] describes the depen-
dence of the morphology of the AlSi coating on the
heat treatment parameters, and, in this context, the
research by Füssela et al. [7] shows that different layer
thicknesses significantly change the weldability of the
base material. [8–10]
Schmidová et al. [11] examined heat treated AlSi
coatings in the temperature range of 880-850 °C with
a holding time of 5 - 10min. This has confirmed the
creation of a diffusion layer formed during the heat
treatment. Her study shows that the heterogeneous
iron enriched in the coating also increases with the
temperature and the holding time. The layer with
the increasing ratio of Al/Si is formed just below the
surface of the coating. The formation of a continuous
secondary intermetallic interlayer in a coating with
predominantly Al has a particular effect on weldability.
Especially in connection with the increasing porosity
(Kirkendall’s pores) and oxide content on the surface.
The higher amount of pores leads to their accidental
collapse, which affects the flow and causes an instabil-
ity of the whole process. According to the study, the
maximum thickness of the diffusion layer at the inter-
face of the steel coating is 13µm. A higher thickness
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of the diffusion layer leads to a random occurrence of
an instability in the welding process.
Cheng et al. [12] and Springer et al. [13] studied
the phase formation at the soft steel interface and
AlSi coating (with a silicon concentration of 5 and
10%) at temperatures of 650-700 °C. They observed
the formation of a multilayer phase with the sequence
Al5Fe2-Al13Fe4-Al8Fe2Si, which was formed directly
on the steel-coating interface. In addition, they proved
the formation of small precipitates of the Al2Fe3Si3
type within the Al5Fe2 phase. They claim that the sil-
icon has inhibitory effects on the intermetallic growth
in the steel-coating interface and that it neutralizes
the Al13Fe4 phase formation and it promotes a growth
of Al8Fe2Si. Their results are consistent with Wind-
mann’s work and confirm the work of Yun et al. [14].
Eggeler et al. [15] proved that silicon occupies free
positions in the Al5Fe2 grid and thus prevents the
growth of this phase.
In his next work, Windmann et al. [5] concluded
that the iron diffusion from steel to AlSi coating
prevails during the first two minutes of the heating
(around 900 °C). After two minutes, when aluminium
diffuses into the steel, the Al content in the coating
decreases and the Al (Al13Fe4 and Al5Fe2) rich in-
termetallic phases are converted to a Fe (AlFe) type.
The aluminium-to-steel diffusion supports the forma-
tion of an alpha-Fe layer at the interface between the
coating and the steel. This layer increases its thick-
ness with the austenitizing temperature and with a
temperature-holding time.
Köster et al. [16] as well as Kobayashi et al. [17]
found that, in particular, AlxFey -rich Al intermetallic
phases (type Al13Fe4 and Al5Fe2), which are formed
in the AlSi coating, have a low fracture toughness
(1MPa·m1/2), which is attributed to their high hard-
ness of 900-1150 HV0.05. According to Krasnowski et
al. [18], the hardness of the Al5Fe2 phase is 851 HV1.
The AlFe and AlFe3 phases have a lower hardness
of 300 to 650 HV0.05 (Kubošová et al. [19]) and a
higher fracture toughness of up to 26MPa·m1/2. With
respect to the stoichiometry of these intermetallics,
the the AlxFey phases are tougher and softer and they
have a higher Fe content, so they can be stabilized by
various diffusion processes. Kim et al. [20] found out
that the brittle intermetallic phases of the Al13Fe4
and Al5Fe2 types reduced the weldability. According
to Shiota et al. [21] the Al2Fe3 phase has a hardness
of 882 HV1, fracture toughness of 1.6MPa·m1/2 and
a modulus of elasticity of 245GPa.
Our aim is to point out the change of phases into
the Al-Si coating of 22MnB5 so that our results could
be used for a future research of the weldability of
these coated steel. The aim of the research is to help
to clarify what is happening in the coating during
the heat treatment in terms of a phase formation
and mechanical properties and to determine how this
influences the weldability and stability of the welding
process. The result will be the determination of the
thermal processing parameter limits so that changes
in the coating affect the process stability as little as
possible.
2. Materials and methods
A high-strength boron steel 22MnB5 was chosen as
the material for the experiment. 1.2mm thick sheets
were supplied with an AlSi coating. The chemical
composition of the 22MnB5 steel is shown in Table 1.
The mechanical properties are in Table 2. These
materials are supplied from the mills in a cold or hot-
rolled condition with a ferritic-perlite structure and
eliminated carbides. In this state, the yield strength is
Rp0.2 350-550MPa, the strength of Rm is 500-700MPa
and the ductility A80 is greater than 15%.
For the chemical analysis of all coatings, the MIRA3
GMU scanning electron microscope and the EDS and
EBSD analysers from Oxford instruments were used.
From the measured data, an elemental map was com-
piled. Two line profiles have been marked on each
map and spot analysis were performed at the selected
locations to determine the percentage representation
of the elements. At the same time, another measure-
ment was performed by Electron Spectrum Diffraction
(EBDS). The Hysitron TI 950 TriboIndenter™ nanoin-
dentation system was used to analyse the mechanical
properties of coatings, such as reduced elastic modu-
lus and indentation hardness (HIT, according to ISO
14577-1). Unlike Martens hardness (HM), HIT calcu-
lates the contact area (H = F/Acont), Acont as the
surface projection (or tip cut) at the maximum con-
tact depth. The XPM (Ultra-Fast Nanoindentation)
mode with a maximum load force Pmax = 3000µN
was used for the mechanical analysis, corresponding
to the contact depths of hc ∼ 60−100 nm. The indent
matrix 8× 30 was separated by 3µm between individ-
ual indents. The load function had two segments: 1st
in 1 second load to Pmax = 3000µN, 2nd in 1 second
relieving segment (a tip extraction from sample). The
measurement method is described in [22], including
the evaluation method.
3. Experiment
Samples were heat treated with various parameters
in the range: time t = 5 to 15min, temperature
T = 850− 950 °C. The heat treatment was performed
in an induction furnace. The set temperature was
verified by the thermocouple and recorded by the
ALMENO station.
All samples were analysed for the mechanical prop-
erties. The measured values of reduced modulus and
indentation hardness were composed into matrices
for a better visualization of the results. A chemical
analysis followed. This was done at the site of the
previous analysis of mechanical properties in order to
relate the results to one another. The results of both
analyses are shown in Figure 1 - Figure 8.
For clarity, only 4 samples were selected for the
comparison: sample 1 without heat treatment, low
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C Si Mn P S Al B Cr Mo Ti
0.26 0.30 1.14 0.0075 < 0.150 0.04 0.0027 0.16 0.01 0.032
Table 1. Chemical composition of steel 22MnB5.
Before heat treatment | After heat treatment
Rp0,2 [MPa] Rm [MPa] A80 min. [%] Rp0,2 [MPa] Rm [MPa] A80 min. [%]
min 200 400 - 570 15 950 - 1250 1300 - 1650 4.5
Table 2. Mechanical properties of steel 22MnB5 .
Figure 1. Phase identification (left), reduced modulus (center) and indentation hardness (right) of sample 1 before
heat treatment.
Figure 2. Phase identification for samples with heat treatment parameters: time t = 5.8min and temperature
T = 882 °C (2 - left), t = 7.4min and T = 905 °C (3 - center) and t = 12.9min and T = 907 °C (4 - right).
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Figure 3. Indentation Hardness for samples with heat treatment parameters: time t = 5.8min and temperature
T = 882 °C (left), t = 7.4min and T = 905 °C (center) and t = 12.9min and T = 907 °C (right).
Figure 4. Reduced modulus for samples with heat treatment parameters: time t = 5.8min and temperature
T = 882 °C (left), t = 7.4min and T = 905 °C (center) and t = 12.9min and T = 907 °C (right).
Figure 5. Chemical compound in line for sample 1 without heat treatment.
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Figure 6. Chemical compound in line for sample 2 time (t = 5.8min, T = 882 °C).
Figure 7. Chemical compound in line for sample 3 (t = 7.4min, T = 905 °C).
Figure 8. Chemical compound in line for sample 4 (t = 12.9min, T = 907 °C).
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tempered sample 2 (882 °C) with short holding time
(5.8min), sample with mean values of heat treatment
parameters 3 - T = 905 °C, t = 7.4min, and a high
values sample 4 - T = 907 °C, t = 12.9min.
4. Results and discussion
Figure 1 (left) shows that, before the austenitiza-
tion, the AlSi coating consists of pure aluminium, the
Al2Fe3Si3 phase and the Al8Fe2Si precipitate on the
steel-coating interface. The iron diffusion into the
partially molten AlSi coating is very rapid during
the first 2 minutes of the austenitisation. Figure 2
shows that, due to a massive diffusion, the Al8Fe2Si
precipitate was transformed to Al5Fe2 + Al2Fe3Si3
according to the equation (1), this is in an agreement
with the works published by Schmidova [13] and also
Windmann [6, 7].
Al→ Al + Al8Fe2Si→ Al5Fe2 + Al2Fe3Si3 →
→ Al5Fe2 + AlFe (1)
After a complete transformation of the coating into
the intermetallic phases, there is an increased diffu-
sion of Al towards the steel. Due to the opposite
direction of the diffusion of Al and Fe and its different
velocity, cavities (Kirkendall’s pores) start to form on
the coating-steel interface after 6 minutes, as it can
be seen in Figure 2 – sample 3 and 4.
Figure 1 (in the middle) shows the reduced Modulus
Er. Steel has Er = 210 − 250GPa, the coating has
Er = 100GPa (therefore, a half). After the coating
transformation, the reduced modulus of the coating
and steel is at the same value Er = 210−250GPa (see
Figure 4). On the indentation hardness graphs (see
Figure 3), the influence of the type and proportion
of the phase volume can be seen. The original tough
coating transformed into a brittle Al5Fe2 + Al2Fe3Si3
+ FeAl after the first 2 minutes of the austenitisation.
With the increasing temperature and time, the volume
of FeAl increased. In all of the hardness matrices
in Figure 3, there is an increase of the hardness in
the whole volume of the coating on the left. This
is probably due to the used measurement method.
The XPM is a method with very fast tip crossings
between individual indents. After such a transition
from the end of the matrix (right) to the beginning of
the next row of the matrix (left), the measuring tip
can oscillate. Measured values may be up to 2GPa
higher. When comparing the values with the right
half of the matrix, we can clearly see the increase in
the hardness (orange and red).
In Figures 5 to 8, there are graphs from the linear
SEM analysis. The graphs show how incredibly fast
the thickness of the diffusion layer (αFe) increases
from 0 to up to 10 micrometers during the first 6 min-
utes. After 6 minutes, its growth slows down and
the FeAl layer begins to increase considerably. It
can also be observed that the volume of the FeAl
phase throughout the coating increases steeply, which
corresponds to the results above.
5. Conclusion
The results of the research show that a massive diffu-
sion occurs during the austenitization, which causes
the transformation of the original AlSi coating into
intermetallic phases of the type Al5Fe2 + Al2Fe3Si3.
After the transformation, the phase spacing does not
affect the reduced modulus. With increasing temper-
ature and austenitizing time, the volume of the FeAl
+ αFe phase in the coating is increasing. This work
should be followed by welding tests. Knowing the
results of the diffusion processes subsequently related
to the quality of the weld joint will allow to determine
and limit the heating conditions (thermal processing
parameters) before the forming process.
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